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Abstract SrCo gFe;,055 (SCF), as a promising cathode
material for intermediate temperature solid oxide fuel cells,
possesses a high catalytic activity for the reduction of O, to
20%". The SCF powder was successfully synthesized by the
solid state reaction method and Pechini method and
characterized using XRD, particle analysis, and electroche
mical performance measurements. Smaller-particle-size SCF
materials (SCF-P) with single phase are obtained at lower
synthesis temperature by the Pechini method and possess
better electrochemical performance as compared with those
prepared by the solid state reaction method. The reason is
that the Pechini method involves the mixing of elements at
atomic level, so pure SCF phase formation can be
accelerated and showed high electrocatalytic activity. The
preparation procedure of SCF cathode was firstly investiga
ted using electrochemical impedance spectroscopy. Results
show that the total polarization resistance and the low-
frequency resistance decrease gradually with the reduction of
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the calcination temperature for the SCF cathodes. The SCF-P
cathode sintered at 1,000 °C possesses the highest porosity
and the best electrochemical performance. It is the result of a
comprehensive function of three-phase boundary length,
porosity of cathode, and the adhesion between cathode and
electrolyte. The charge-transfer process, together with the
adsorption, dissociation, and diffusion of oxygen, has a
strong influence on the whole reaction process of the
cathode. The influence of binder amounts on the perfor-
mance of the SCF-P cathodes was also studied.

Keywords Solid oxide fuel cell - Fe-doped strontium
cobaltite - Electrochemical performance - Pechini method -
Solid state reaction method

Introduction

Solid oxide fuel cells (SOFCs) are promising energy
conversion devices that can generate electric power through
electrochemical reaction between an oxidant and a fuel gas
[1-3]. SOFCs can provide high total efficiency when they
are used in a cogeneration system and serve as clean power
sources with little production of NO, and SOy [4]. Lowering
the operating temperature of the SOFCs can significantly
reduce the cost within the scope of interconnection,
manifold, and sealing materials as well as greatly increases
the stability and durability of cell stacks and the balance-of-
plant components [5, 6]. However, a decrease of the
operation temperature means a loss of power density mainly
due to a considerable reduction of both ionic conductivity of
the electrolyte and catalytic activity of the electrodes. To
avoid ohmic loss, the thickness of the electrolyte should be
reduced or alternative electrolyte materials such as La(Sr)Ga
(Mg)Os_s (LSGM) are used [7-9].
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At lower temperature, Sr-doped lanthanum manganite,
which is used as a cathode in the conventional SOFC,
shows very high interfacial resistance at the cathode—
electrolyte interface [10, 11]. So, alternative electrode
materials with enhanced electrode performance at lower
temperatures should be achieved. From an electrochemical
standpoint, a mixed electronic and oxide-ion conduction in an
electrode is the most desirable property for accelerating the
rate of reduction or oxidation at the electrode provided that the
mixed conductors promote the surface reactions. K. Huang
et al. reported SrCo gFen,05.5 (SCF) as a mixed oxide-ion/
electronic conductor (MIEC) produces the highest oxygen
flux of all the cobalt-containing perovskites and possesses
high catalytic activity for the reduction of O, to 20° [12—
14]. The electrode reactions for the mixed conducting
electrodes are only restricted to the gas—solid two-phase
interface; in contrast, the reactions occur at a gas—solid—solid
triple-phase boundary for a solely electron-conducting
electrode. The transport of oxide ions through an MIEC
electrode and across the cathode/electrolyte interface has
been reported to be fast enough; the dioxygen dissociation
on the gas—solid surface is usually the only rate-limiting step
[15, 16]. Increasing the electrode areas is the most effective
way to enhance the oxygen exchange rate at the gas—solid
interface [14]. Therefore, it is important to study the
preparation procedure of the SCF cathode, including the
synthesis route of SCF powders.

K. Huang et al. obtained SCF single-phase powder by
Pechini method at 1,000 °C synthesis temperature (ST) and
prepared SCF cathode at above 1,100 °C calcination
temperature (CT) [14]. Lowing ST and CT is beneficial to
enlarge the electrode areas. In this work, the synthesis of
pure single-phase SCF powder using Pechini method at a
lower ST and a successful solid state reaction method are
presented. Besides, the influences of the preparation
procedure (ST and binder) on the electrochemical perfor-
mance for the SCF cathode are studied in detail using
electrochemical impedance spectroscopy (EIS).

Experimental
Synthesis of SCF powders

Solid state reaction synthesis. Stoichiometric amounts of
SrCO3, Co,03, and Fe,O3 were ball milled for 6 h. Then,
the mixture was pressed into a pellet under 35 MPa and
calcined at 1,100 °C for 4 h. The process was repeated three
times, and the pellet was finally sintered at 1,250 °C or
1,300 °C for 6 h to obtain the SCF powders, denoted as
SCF-S (SCF-S1250 or SCF-S1300).

Pechini synthesis. Fe(NO3);-9H,0, Sr(NOs),-6H,0, and
Co(NO;3)3;'6H,O were used as the starting materials.
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Ethylenediaminetetra-acetic acid (EDTA) as the chelating
agent was first dissolved into ammonia water to get a clear
solution. Then, stoichiometric amounts of nitrates were
dissolved into the ammonia solution with stirring. Excess
ethylene glycol and citric acid (1.2:1) were added dropwise as
the curing agents. The mole ratio of EDTA:CA:metal ions in
the solution was 1.2:1.2:1. The pH of the prepared solution
was adjusted to 7.5 with concentrated ammonia. The solution
was heated to 100 °C and maintained at this temperature to
favor the complexation process of the metal cations and the
polyesterification reactions. Initially, a sol and, finally, a resin
were obtained during heating. The resin was ground in a
mortar and then calcined at 800 °C or 850 °C for 3 h to
remove the organic residues and obtain the SCF powder,
denoted as SCF-P (SCF-P800 or SCF-P850).

Preparation of electrolyte and SCF cathode

Lag.9Srg.1Gag gMgn 1035 (LSGM) was used as the electro-
lyte in this study. The LSGM powder was prepared by the
solid state reaction method [17]. The LSGM substrate was
pressed under 30 MPa into a substrate 1.7 cm in diameter
and ~1 mm thick. The powder of SCF-S1250, SCF-S1300,
SCF-P850, and SCF-P800 was independently mixed with a
terpenol solvent and a certain amount of ethyl cellulose
(EC), which acted as a binder. Then, the paste was screen-
printed onto the LSGM electrolyte and then sintered at a
temperature range of 1,000—1,300 °C for 2 h in air. The
electrodes on pellets are tested in air by a three-electrode
configuration. The Pt reference electrode was placed on the
LSGM electrolyte surface ~1 mm away from the cathode,
while the Pt counter electrode applying a Pt paste was
coated on another surface of LSGM and then sintering at
800 °C in air for 1 h.

Testing and characterization

The SCF powder prepared by the different chemical
routes was characterized by X-ray diffraction, particle
analysis, and electrochemical performance measurement.
The phase of SCF was examined with a Rigaku D/max-
[IBX-ray diffraction (XRD) using Cu K« radiation. The
particle size distribution of SCF powder was tested with
an LS-900 particulate size description analyzer. The
surface morphology of the SCF cathode was observed
using a scanning electron microscope (SEM, Hitachi
S-4700). The electrochemical impedance spectroscopy
(EIS) test was conducted at 800 °C with a Princeton
Applied PARSTAT 2273 impedance analyzer under the
open circuit condition in the frequency range 0.01 to
100 kHz with amplitude of the ac signal 5 mV. The
impedance spectra were analyzed in terms of equivalent
circuits with the ZSIMWIN software. Cathodic polariza-
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tion measurements were obtained at the open circuit
voltage in the 0-0.3 V cathodic overpotential range.

Results and discussion
XRD characterization

Figure 1 shows the X-ray diffraction patterns of the SCF
powder obtained by different synthesis routes. Figure la, b
presents the XRD patterns of the SCF powder prepared by
the solid state reaction method and Pechini method. It can
be seen from the figures that the calcined powder is highly
crystalline cubic SCF powder. All major peaks are
identifiable to cubic SCF. From the XRD patterns, it is
confirmed that the single-phase cubic SCF powders are
obtained at a synthesis temperature as low as 800 °C, which
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Fig. 1 XRD patterns of a SCF-S1300 and SCF-S1250, and b SCF-
P850 and SCF-P800

is reduced by 200 °C from 1,000 °C [14]. Also, it is 450 °C
lower than that of the solid state reaction method. The solid
state oxide reaction method is associated with drawbacks
such as diffusional constraints to synthesis results into slow
kinetics and high temperatures; however, since the Pechini
method involves the mixing of elements at the atomic level,
pure SCF phase formation can be accelerated and the
synthesis temperature can be lowered [18].

Particle size distribution characterization

Figure 2 shows the particle size distribution of the powder
obtained by different synthesis routes. Figure 2a, b presents
the particle size distribution of the SCF powder prepared by
the solid state reaction method and Pechini method. Table 1
shows the particle size parameter (Ds) of the powder. The
values of Dsq indicate that 50% of the particles in the
sample are smaller than this diameter. The smaller the D5,
the finer the particles [5]. It can be seen from Fig. 2 and
Table 1 that with the decrease in the synthesis temperature,
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Fig. 2 Particle size distribution of a SCF-S1300 and SCF-S1250 and
b SCF-P850 and SCF-P800
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Table 1 Particle size parameter (Dsg) of the SCF powder

Synthesis process Calcination temperature (°C) Dso (um)
Solid state reaction 1,300 17.86
process 1,250 11.51
Pechini process 850 3.51
800 2.72

the SCF particle size decreases in both routes. However, the
Dsq values of SCF-P800 and SCF-P850 are smaller than
those of SCF-S1250 and SCF-S1300, especially the Dsq
value of SCF-P800 which is only 2.72 um, and its particle
size distribution was the narrowest in the four kinds of
powders. It can be concluded that the Pechini method is
beneficial in decreasing the synthesis temperature and
particle size of the SCF powders.

Electrochemical performance of SCF cathodes

Figure 3 shows the cathodic polarization curves of the
cathodes sintered at 1,000 °C for 2 h, using SCF-S1250,
SCF-S1300, SCF-P850, and SCF-P800 as the starting
materials. It can be seen from Fig. 3 that the SCF-P
cathodes possess better electrochemical performance as
compared with the SCF-S cathodes. For the same powder
synthesis method, the lower the synthesis temperature, the
better the electrochemical performance. This is because the
Pechini method is a wet chemical method and has lower
synthesis temperature and smaller particle size than the
solid state reaction method, so it shows higher electro-
chemical activity [19].
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Fig. 3 Polarization curves of SCF cathodes using various powders as
starting materials
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Effect of calcination temperature on the performance of
SCF-P cathodes

The influence of CT on the performance of the SCF-P
cathodes was investigated in detail. Figure 4 shows the
cathodic polarization curves of the SCF-P cathodes
sintered at 1,000 °C, 1,100 °C, 1,200 °C, and 1,300 °C
for 2 h. It can be seen from Fig. 4 that with the reduction
of CT, the electrochemical performance of the SCF-P
cathodes is improved gradually. This trend was consistent
with previously published studies [14, 20]. The SCF-P
cathode sintered at 1,000 °C possesses the best electro-
chemical performance, and its cathodic overpotential was
0.1 V at the current density of 0.50 Acm 2.

Figure 5 shows the electrochemical impedance
spectrums (EIS) and the equivalent circuit of the SCF-P
cathodes sintered at various temperatures. The best fitting
results for all the impedance spectra were achieved with the
equivalent circuit of LRo(R(2)(R>{2,) as shown in Table 2.
In contrast, the R, was elided in the Nyquist plots,
equivalent circuits, and fitting results of SCF-P cathodes.
L is the inductance, which is attributed to the platinum
current—voltage probes or the high-frequency phase shift of
electrochemical equipment; The high-frequency impedance
arc, (R;0)), corresponds to charge transfer of oxygen ions
on the electrode—electrolyte interfaces. [21, 22]. The low-
frequency impedance arc, (R,(-), could be attributed to the
adsorption, dissociation, and diffusion of oxygen [22-24].
The equivalent circuit consists of RQ elements. Symbol Q
denotes the constant phase element, and their impedances
are expressed by the following equation:
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Fig. 4 Polarization curves of SCF cathodes sintered at 1,000 °C,
1,100 °C, 1,200 °C, and 1,300 °C
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Fig. 5 Nyquist plots and equivalent circuits of SCF cathodes sintered
at different temperatures. a Measured Nyquist plots and b fitted
Nyquist plots

Where Y; is a frequency-independent constant, w is the
angular frequency (w=27f). j is the square root of —1, and n
is an exponential constant. For n=1, 0.5, 0 and -1, Q
represents an ideal capacitance, a Warburg impedance, an
ideal resistance, and an inductance, respectively [25, 26].
The total polarization resistance of the cathode, Ry, is the
sum of R; and R»,.

Ry=R + R (2)

From Fig. 5 and Table 2, it can be seen that R, increases
gradually with the rise of CT of the SCF-P cathodes. This is
consistent with the results of polarization curves for the
SCF-P cathodes sintered at various temperatures. The
impedance spectra in Fig. 5 comprise two arcs. The low-
frequency arc has close relationship with CT, and the high-
frequency arc is more or less independent of the CT. This is
because R; depends not only on the three-phase boundary
length (tpbl) but also on the adhesion between cathode and
electrolyte. When the CT is low, the adhesion between
cathode and electrolyte is poor, but the tpbl is large. On the
contrary, for the high CT, the adhesion between cathode
and electrolyte is improved, but tpbl is reduced. So, the
comprehensive effect of the two factors determines the
change of R;.

It also can be seen from Table 2 that the low-frequency
impedances (R,) are very sensitive to CT, and the change
with CT is similar with the total polarization resistance. R,
increases by nearly 19 times, from 0.11 Qcm? to 2.22 0
cm? with the increase of the cathode CT from 1,000 °C to
1,300 °C. This change may be related to the different
microstructures of SCF-P cathodes. Figure 6 shows the
surface morphologies of the SCF-P cathodes sintered at
different temperatures. It can be seen from Fig. 6 that there
are a lot of uniformly distributed pores and effective neck
conterminous particles at the surface of SCF-P cathode
sintered at 1,000 °C. The number of pores greatly
decreased, and particles became large after the cathode
was sintered at 1,100 °C. When the CT increased to
1,200 °C or 1,300 °C, the cathodes became relatively dense
and represented an oversintered phenomenon that there are
a few pores at the surface of cathodes. It is similar to the

Table 2 EIS fitting results of SCF-P cathodes sintered at different temperatures

Temperature (°C) 0 R, (Q cm?) 0> R, (9 cm?) R, ( em®)
You (0 em™ s ny Yoo (¥ em™s™) sy

1,000 1.72 0.74 0.16 0.18 0.56 0.11 0.27

1,100 0.05 0.56 0.26 0.29 0.77 0.16 0.42

1,200 1.60 0.33 0.16 1.51 0.88 0.38 0.54

1,300 0.07 0.47 0.28 0.42 0.75 222 2.50
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Fig. 6 Surface SEM images of
SCF-P cathodes sintered at
different temperatures. a

1,000 °C, b 1,100 °C, ¢

1,200 °C, and d 1,300 °C

sintering behavior of Lag ¢St 4Coq,Feq 05 or LaggSrg .
Cog.,Feo.g03, in which relative density could reach 92% at
1,200 °C [27, 28]. It is known that Co-based perovskite
oxides have high sintering characteristics. So, SrCogg.
Feg,03-5 with a larger amount of Co prepared above
1,100 °C possesses a high relative density and a low
porosity. Thus, the low porosity would increase the
resistance of oxygen adsorption, dissociation, and diffusion
in the cathode and results in the rise of the low-frequency
impedances (R;). So, with the decrease of CT, the porosity
of cathodes increases and the R, decreases accordingly.
When CT is above 1,150 °C, the low-frequency
impedance is dominant, and the adsorption, dissociation,
and diffusion of oxygen is the rate-determining step
(RDS). However, for CT under 1,150 °C, R, is larger
than R,, but the gap between R; and R, was not large
enough to determine the RDS. So, the charge-transfer
process, together with the adsorption, dissociation, and
diffusion of oxygen, has a strong influence on the whole
reaction process. It is different with the point that the
dioxygen dissociation on the gas—solid surface is usually
the only rate-limiting step of an MIEC electrode [15, 16].
One effective means to further decrease the charge-transfer
resistance is adding an ionically conducting second phase,
such as LSGM and doped-CeO,, which results in increasing
the tpbl and suppressing the growth of SCF particles. Our
experiments show that adding Lag 45Ce( 55055 to SrCog g.
Fe(,05-5 cathodes can improve the electrochemical perfor-
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mance of cathodes, and this portion of work would be
published elsewhere.

For these cathodes, the total polarization resistance reduces
gradually with the decrease of CT. When the cathode was
calcined at 1,000 °C, R, reached the minimum value of
0.27 Qcm?. Further reduction in firing temperature would be
beneficial to the enlargement of tpbl and the porosity. But the
tight adhesion between cathode and electrolyte would be
reduced under the too low CT. In this study, the SCF-P
cathode sintered below 1,000 °C may be broken off from
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Fig. 7 Influence of amount of EC on the electrochemical performance
of SCF cathodes
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LSGM electrolyte. So, 1,000 °C was the optimum CT. If the
surface of electrolyte was made coarse before the cathode
was screen-printed, the adhesion between cathode and
electrolyte would be strengthened, and the tpbl should be
enlarged. Thus, the optimum CT may be further reduced,
and the electrochemical performance also may be improved.

Influence of binder amounts on the performance of SCF-P
cathodes

The influence of binder (EC) amounts on the performance
of the SCF-P cathodes was studied. Figure 7 shows the
cathodic polarization curves of the SCF-P cathodes with
different binder contents (I mass%, 3 mass%, 5 mass%,
and 8 mass%). It can be seen from Fig. 7 that with the
increase of binder content, the electrochemical performance
of SCF-P cathodes is improved gradually, except that of
3 mass%. The SCF-P cathode with 8 mass% binder content
possesses the best electrochemical performance, and its
cathodic overpotential is 0.1 V at the current density of
0.61 A-cm % On one hand, it may be related to the
enhancement of the adhesion between cathode and electro-
lyte by introducing the binder into the cathode paste. On the
other hand, EC may also play a role on pore forming. This
needs further study. As for the precise influence mecha-
nisms, further work is necessary.

Conclusions

SrCo gFey,05.5 was successfully synthesized by the solid
state reaction method and Pechini method. Single-phase
cubic SCF powder was obtained by the Pechini method at
synthesis temperature as low as 800 °C, which was reduced
by 200 °C from 1,000 °C. Also, it was 450 °C lower than
that of solid state reaction method. With the decrease of
synthesis temperature, the SCF particle size decreases, and
its electrochemical performance increases in both routes. The
SCF-P has a smaller particle and possesses better electro-
chemical performance as compared with the SCF-S cath-
odes. The reason is that the Pechini method involves the
mixing of elements at atomic level, so pure SCF phase
formation can be accelerated and showed high electro-
catalytic activity. Calcination temperature has influence on
the tpbl, porosity of cathode, and the adhesion between
cathode and electrolyte. The R,, and R, decrease gradually
with the reduction of calcination temperature for SCF-P
cathodes. SCF-P cathode sintered at 1,000 °C possesses the
biggest porosity and the best electrochemical performance,
and the rate-limiting step was charge-transfer process
together with the adsorption, dissociation, and diffusion of
oxygen. With the increase of EC content, the electrochemical
performance of SCF-P cathodes was improved gradually.

SCF-P cathode with 8 mass% EC content reached the lowest
cathodic overpotential of 0.1 V at the current density of
0.61 Acm 2. The thermal expansion coefficient of SCF
cathode material is 24x10°° K™' and much larger than that
of the LSGM electrolyte, so further studies of the long-term
stability of SCF cathode are necessary.
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